The phenomenon of matter wave interference lies at the heart of quantum physics. It has been observed in various contexts in the limit of non-interacting particles as a single particle effect. Here we observe and control matter wave interference whose evolution is driven by interparticle interactions. In a multi-path matter wave interferometer, the macroscopic many-body wave function of an interacting atomic Bose-Einstein condensate develops a regular interference pattern, allowing us to detect and directly visualize the effect of interactioninduced phase shifts. We demonstrate control over the phase evolution by inhibiting interactioninduced dephasing and by refocusing a dephased macroscopic matter wave in a spin-echo type experiment. Our results show that interactions in a many-body system lead to a surprisingly coherent evolution, possibly enabling narrow-band and high-brightness matter wave interferometers based on atom lasers. 1 arXiv:0812.4836v1 [cond-mat.other]
thereby refocusing the BEC momentum wave function. By application of an external potential we cancel the dominant mean-field contribution to the phase evolution and become sensitive to beyond-mean-field effects. A crucial ingredient of our experiments is the capability to tune a, the atomic scattering length which determines the strength of the interaction, by means of a Feshbach resonance 16 . In particular, a can be switched to zero to stop the interaction driven part of the evolution in the interferometer or to perform high resolution wave function imaging in momentum space.
Phase evolution in the matter wave interferometer
Our interferometer consists of a BEC in adiabatically loaded into a 1D optical lattice potential with a superimposed harmonic trap, as illustrated in Fig. 1a . In the tight-binding regime, it is convenient to write the macroscopic wave function of the condensate, Ψ, in a basis 17 of wave functions Ψ j (z, r ⊥ ) centered at the position z j = jd of the individual lattice sites j, Ψ(z, r ⊥ , t) = potential at each specific lattice site 21 ,
Here, the total potential at each lattice site j consists of three terms. The applied force leads to a term linear in j and causes Bloch oscillations 14, 15 with angular frequency F d/ . The second term comes from an optional harmonic confinement, where β tr = mω The phase terms proportional to j 2 lead to a nonlinear phase evolution and to a dephasing of the lattice site. This results in a time-varying interference pattern of the macroscopic matter wave, as we will demonstrate below. The key in our experiments is that we have full control over these nonlinear terms, not only over β tr via the external trapping potential, but also over the interaction term characterized by α int , both via the initial density distribution, and, more importantly, via the scattering length a. By tuning the scattering length 16 from its initial value a to a , we can ramp α int to a new value α int , which can in particular be set to zero for a = 0. Nonlinear phase terms for matter waves are well known in single particle quantum mechanics. They play an important role for matter wave Talbot interferences 5, 18 and can be visualized in terms of so-called matter wave quantum carpets 19 . In these contexts, the phase terms arise from propagation. In our case, the nonlinear phase terms for α int = 0 arise from interactions and thus lead to a density dependent many-body effect in the multipath atom interferometer.
In the preceding discussion, we have assumed that the minimum of the trapping potential is centered directly over one of the lattice minima. If this is not the case, the trapping potential term in equation (1) has to be modified to
describes the offset of the trap center in the z-direction with respect to the lattice minima, and an analogous modification has to be done to the interaction term. This adds a small term linear in j and therefore leads to a slight modification of the Bloch oscillation frequency. In our experiments, δ is the only parameter that we do not fully control. It is constant on the timescale of a single experimental run, but it drifts over the course of minutes as the beam pointing of the horizontally propagating laser beam generating the trapping potential is not actively stabilized.
Interaction-induced matter wave interference
The starting point for our experiments is a BEC trapped in a crossed optical dipole trap and adiabatically loaded into an optical lattice, as illustrated in Fig. 1a . The gravitational force acting on the BEC is initially compensated using magnetic levitation 16 . We effectively start the multipath atom 1b. The data is acquired with an interacting BEC with the scattering length set to 190 a 0 , where a 0 is the Bohr radius, at an initial peak density of n = 4 × 10 13 atoms/cm 3 , occupying about 35 lattice sites after loading. We can follow the evolution of the interference pattern for more than N = 100 Bloch cycles, corresponding to times beyond 60 ms. This is about a factor 10 longer than the timescale for the initial broadening. We find that the number of maxima and minima and their location in the interference pattern as measured after fixed evolution time τ depend on the initial atomic density, on the strength of the interaction, and on the number of occupied lattice sites. We also find that the measured quasi-momentum distribution for a given τ is reproducible from one experimental realization to the next, except that the pattern appears slightly shifted within the BZ after several experimental realizations. We attribute this to a drift of δ, the offset of the lattice minima from the dipole trap center, which leads to a small change of the Bloch frequency as noted before. We do not actively stabilize the vertical position of L 2 with respect to the lattice, and hence temperature variations in the laboratory slowly change δ.
We combine two techniques to achieve a high resolution in momentum space and to visualize the interference pattern. First, we minimize broadening of the distribution as a result of interactions by setting a to zero during the release from the lattice and the subsequent free expansion 12 . In addition, we use long expansion times, employing magnetic levitation to prevent the BEC being accelerated by gravity and falling out of the field of view. Fig. 3 shows how the contrast emerges during the expansion for a BEC after N = 40 Bloch cycles. It takes more than 100 ms of expansion for the interference pattern to acquire full contrast. In general, we find that the contrast is improved when the horizontally confining beam L 1 is not switched off abruptly but is ramped down slowly within the first 55 ms of time-of-flight, reducing the horizontal expansion rate. However, this happens at the cost of some additional momentum broadening along the vertical direction. Our imaging techniques allow us to resolve structure in momentum space on a scale below 0.1 k in a single shot absorption image.
To understand the interference structure and its evolution in time, we compute the total BEC wave function in quasi-momentum space for a phase evolution at the different lattice sites given by Equation (1), as detailed in the Methods section. Fig. 2b shows the interference pattern for our experimental parameters according to this simple model. The experimental results are qualitatively very well reproduced by the model when we reduce α int by a factor of 0.9 compared to the value deduced from our experimental parameters. This scale factor accounts primarily for the fact that our simple model does not take into account any horizontal dynamics. In particular, switching off L 2 when starting the evolution leads to an excitation of a radial breathing mode in the horizontal plane, reducing the density at each site and modulating it in time. To a first approximation, rescaling of α int accounts for this. Nevertheless, the agreement between the experiment and the analytical model indicates that the dominant driving mechanism for the wave function spreading and interference is the nonlinear phase evolution. In particular, phase coherence is not lost, in contrast to previous experiments 22 . We test this coherence and demonstrate control over the phase evolution in two experiments.
3 Cancellation of dephasing using an external potential Equation (1) suggests that the effect of interactions can be cancelled by the application of an external potential. Indeed, choosing this potential to be equal to the initial loading potential, i.e.
choosing α int ≈ β tr , allows us to observe persistent Bloch oscillations for an interacting BEC.
The BEC quasi-momentum distribution after N = 40 Bloch cycles is shown in Fig. 4a and 4b as a function of the strength of the external compensating potential, given by the power in laser L 2 .
When the external potential does not compensate for interactions, the condensate wave function is dephased and spreads over the whole BZ within less than N = 20 Bloch cycles. In contrast, when the external potential balances the effect of interactions, the BEC wave function does not spread out and Bloch oscillations are clearly visible. The time during which Bloch oscillations can be observed is now greatly extended compared to the case when a compensating potential is absent. The transition from a dephased to a non-dephased wave function as a function of confinement strength is quantified in Fig. 4c , where the rms-width ∆p of the singly-peaked quasi-momentum distribution after N = 40 Bloch cycles is plotted as a function of the laser power in L 2 . Fig. 4d and 4e show the time evolution of the quasi-momentum distribution without and with the compensating potential while all other parameters are kept the same. Fig. 4d essentially shows the broadening of the distribution as described before. Interestingly, the condensate wave function in the presence of a compensating potential shown in Fig. 4e dephases in a completely different way. Initially, the central peak shows no broadening. However, it is slowly depopulated, while a much broader background distribution is increasingly populated. After about 100 oscillations, the shape of the central peak starts to develop side lobes or splits in two, with the exact shape varying from one experimental run to the next. The timescale for the loss of interference is a factor 10 larger than the timescale on which the dephasing and hence the initial broadening takes place in the uncompensated case.
Rephasing of a dephased condensate
Second, we perform a matter wave spin-echo-type experiment. We initially proceed as shown in Fig. 2 , letting the wave function evolve for a time corresponding to about N = 40 Bloch cycles until it is fully dephased and shows, upon measurement, a regular interference structure. We then essentially remove the effect of interactions by ramping to a = 10 a 0 within 10 ms. By not switching the interaction entirely off and by ramping comparatively slowly we avoid excessive excitation of the radial breathing mode as a result of the change in the mean field potential at each site. At the same time, we gradually turn on the harmonic potential as given by the horizontal dipole trapping laser beam L 2 within 4 ms to approximately the same depth as during the initial BEC loading phase. From equation (2) we expect that the wave function now experiences a phase shift with a quadratic spatial dependence with opposite sign, allowing us to reverse the evolution and to recover the initial condition. Fig. 5 shows the resulting quasi-momentum distributions. As time progresses, the wave function indeed refocuses while it continues to perform Bloch oscillations.
As we do not control the value of δ for a particular run, we record about 10 distributions for each evolution time and select those that are symmetrical, corresponding to Bloch cycle phase φ = 0 or φ = π. For the chosen strength of the potential, refocusing happens after about 24 Bloch cycles after the ramp of a. This confirms that the initial broadening and dephasing mechanism must have been coherent. We note that we cannot avoid some excitation of the radial breathing mode as seen in the absorption images given in Fig. 5 .
Discussion
Our results raise several important questions: To what extent can matter wave interferometry be performed in the presence of interactions? What sets the timescale for the eventual loss of interference contrast? Certainly, our simple analytic model does not predict any loss of contrast. In particular, it should be possible to completely eliminate the effect of interactions with the compensating external potential. However, there are several effects not included in the model that could cause the residual dephasing we observe. Motion in the radial direction, which causes the density and therefore the interaction energy to change over time, could lead to mixing of the different degrees of freedom and hence to additional dephasing. This might apply to our matter wave spin-echo experiment, but in the experiment where we compensate by means of the external potential there is hardly any radial excitation and this effect should not play a role. The appearance of dynamical instabilities [23] [24] [25] can be ruled out, as our experimental parameters are outside the unstable region.
Going beyond the mean-field treatment, a variety of factors can lead to dephasing. For example, at each lattice site there exists a superposition of number states, accumulating different phases corresponding to their respective interaction energies 26, 27 . This leads to an effective dephasing, as the phase on a particular lattice site becomes ill-defined. Basic estimates 26, 27 indicate a dephasing time of about 130 ms for our system, on the same order as we observe.
These experiments constitute a clear demonstration of coherent dynamics in an interacting macroscopic quantum system. This coherence affords a large degree of control over the system, as demonstrated by the possibility to rephase the wave function using an external potential in order to reverse dephasing due to interactions. The control demonstrated here has potential application in matter-wave interferometry, and such a degree of control over the mean-field evolution also opens the possibility to probe beyond-mean-field effects in atom interferometers.
Methods Sample preparation
Our experimental approach initially follows the procedure described in ref. 12 . In brief, within 10 s we produce an essentially pure BEC with tunable interactions 16 y is the axial direction along L 2 , and z is the vertical direction. We magnetically control the scattering length a in the range between 0 a 0 and 300 a 0 with a resolution of about 0.1 a 0 . For BEC production, we work at a = 210 a 0 , where three-body losses are minimized 28 . Initially, we support the optical trapping by magnetic levitation against gravity 16 . As shown in Fig. 1a we superimpose an optical lattice with d = λ/2 along the vertical direction, where λ = 1064.5 nm is the wavelength of the lattice light. To load the BEC into the lattice, we stiffen the horizontal confinement within 1 s, leading to trap frequencies of 2π × (41, 13, 39) Hz, and at the same time turn on the lattice potential exponentially to a depth of 8E R . Here, E R = h 2 /(2mλ 2 ) = k B × 64 nK is the photon recoil energy and m the mass of the Cs atom. The BEC is thus gently loaded into the lattice, occupying about 25 to 35 lattice sites, with up to 7000 atoms at the central site.
Derivation of the BEC wave function in momentum space
Here, we outline the method used to calculate the images in Fig. 2b . Due to the comparatively small interaction energies in our system, the atoms are restricted to move in the lowest Bloch band and we can write the local wavefunction at lattice site j as Ψ j (r ⊥ , z) = w
0 (z) is the lowest-band Wannier function localized at the j-th site and Φ ⊥ (n j , r ⊥ ) is a radial wave function depending on the occupation number n j = |c j | 2 at each site 17 . We can then write the total time-dependent wave function in momentum space as
Transforming to quasi-momentum space and assuming that the phase at each lattice site evolves according to Equation (2), we can write
where q z denotes the quasimomentum. The images in Fig. 2b show the BEC density distribution |Ψ(q z , p ⊥ , t)| 2 integrated along one radial direction, using a Thomas-Fermi wave function as radial
We have compared the result in Fig. 2b with a numerical integration of the discrete nonlinear Schrdinger equation 17 , which includes tunneling between lattice sites, and find essentially identical results, confirming that tunneling is inhibited. 
